Abstract. Argentine hemorrhagic fever (AHF), a systemic infectious disease caused by infection with Junin virus, affects several organs, and patients can show hematologic, cardiovascular, renal, or neurologic symptoms. We compared the virulence of two Junin virus strains in inbred and outbred guinea pigs with the aim of characterizing this animal model better for future vaccine/antiviral efficacy studies. Our data indicate that this passage of the XJ strain is attenuated in guinea pigs. In contrast, the Romero strain is highly virulent in Strain 13 as well as in Hartley guinea pigs, resulting in systemic infection, thrombocytopenia, elevated apartate aminotransferase levels, and ultimately, uniformly lethal disease. We detected viral antigen in formalin-fixed, paraffin-embedded tissues. Thus, both guinea pig strains are useful animal models for lethal Junin virus (Romero strain) infection and potentially can be used for preclinical trials in vaccine or antiviral drug development.
INTRODUCTION
Junin virus, a member of the family Arenaviridae, is the etiologic agent of Argentine hemorrhagic fever (AHF), a human disease first described in 1955. 1 Infection with Junin virus typically manifests as a non-specific febrile illness, which then may progress to the severe form, AHF, characterized by multiorgan symptoms with gastrointestinal involvement, hemorrhage, shock, and in some cases, coma. Ultimately, death may result from AHF; the case-fatality rate is estimated to be 15-30% if untreated. Laboratory findings include leukopenia, thrombocytopenia, proteinuria, 2 and slightly elevated aspartate aminotransferase (AST) levels.
Arenaviruses are enveloped and contain two segments of ambisense single-stranded RNA, from which an RNAdependent RNA polymerase (protein L) and four structural proteins are produced: nucleocapsid associated protein, Z protein, and two enveloped glycoproteins (GP1 and GP2) that arise from proteolytic cleavage of the cell-associated precursor. 3 The geographic distribution of particular arenaviruses is generally determined by the presence of the natural reservoir, with Tacaribe serocomplex (New World group) viruses found in North and South America, whereas the Lassa-lymphocytic choriomeningitis serocomplex (Old World group) is found in Africa, although one member, lymphocytic choriomeningitis virus, is distributed worldwide. Classification in the respective serocomplex is in accordance with antigenic properties (antibody to glycoprotein, detected by virus neutralization assay) as well as phylogenetic analysis. 4 Junin virus is transmitted by direct contact with the rodent reservoir, mainly Calomys musculinis, or by aerosol from the rodent excreta, and is predominantly associated with agricultural activities. 5 Junin virus was first isolated in 1958 from a human case 6, 7 and subsequently, has been isolated from rodents as well as from humans. [8] [9] [10] [11] [12] No Junin virus-specific antiviral drug exists, although studies suggest that ribavirin may be an effective therapy 13, 14 and convalescent-phase plasma is used for treatment; despite the ability of convalescent-phase plasma to reduce the fatality ratio to less than 1%, approximately 10% of treated patients develop a transient cerebellar-cranial nerve syndrome. 15, 16 In addition, a safe, efficacious Junin virus vaccine, Candid 1, has been developed and is in use in risk groups to reduce disease in Argentina. 5, 17 Several experimental animal models exist for study of Junin virus-mediated pathogenesis, as multiple rodent species (C3H and athymic mice, [18] [19] [20] [21] guinea pigs, 22 and rats 23 ), as well as New and Old World primates (Cebus paella, Callithrix jacchus, and Macaca mulatta) [24] [25] [26] [27] [28] are susceptible to infection with Junin virus. However, the pathogenesis, e.g., 50% lethal dose, timing of death, and the viral distribution in organs, varies widely, depending upon the animal species, virus strain, and/ or passage history, 22, 25, 29 and is age-dependent. 23, 30, 31 Newborn athymic (nude) mice develop persistent, relatively avirulent infection after intracranial inoculation of Junin virus, whereas nude mice in which bone marrow reconstitution is performed (AT × BM mice) develop fatal encephalitis similarly to age-matched immunocompetent mice. 20, 32, 33 However, guinea pigs and rhesus macaques, when infected by the intraperitoneal or aerosol route, respectively, most closely manifest a disease syndrome similar to AHF 22, 25, [34] [35] [36] [37] and have been used for the evaluation of antiviral drugs as well as Junin virus vaccine candidates. 38, 39 Yet the cost, space, and safety concerns have limited the use of primates in high-level biocontainment.
In an effort to establish an accessible and consistent model for the testing of antiviral drugs in a Biosafety Level 4 (BSL 4) facility, we have evaluated the pathogenesis of Junin virus in inbred (Strain 13) and outbred (Hartley) guinea pigs by using Junin XJ and Romero strains. The Junin XJ strain was isolated from human blood and underwent 37 suckling mouse brain passages prior to cell culture inoculation to create a virus stock in our laboratory. The Romero strain was isolated from a patient and was passed twice in fetal rhesus lung cells and once in Vero cells. 25 The primary aim of our investigation was to characterize the differences between XJ and Romero strains of Junin virus in two alternative guinea pig strains.
MATERIALS AND METHODS

Cells.
Vero cells (American Tissue Culture Collection, Manassas, VA) were maintained at 37°C in minimum essential medium (MEM) supplemented with 10% fetal bovine serum and vitamins.
Viruses. The Junin Romero strain (GenBank accession nos. AY619640 and AY619641) was obtained from Dr. Thomas G. Ksiazek (Centers for Disease Control and Prevention, Atlanta, GA). The Junin XJ strain (GenBank accession nos. AY358022 and AY358023), which was isolated from human blood in 1958 and passaged 37 times in suckling mouse brain, was provided by Dr. Robert Tesh (University of Texas Medical Branch, Galveston, TX). Virus stock for animal infection studies was obtained by amplification in Vero E6 cells and stored at −80°C in 1-mL aliquots until use. All work with Junin virus was performed in the University of Texas Medical Branch (UTMB) BSL 4 facility in accordance with institutional health and safety guidelines.
Viral replication in cell culture. Cells were seeded at a concentration of 5 × 10 5 /35-mm diameter dish. After a 4-hour incubation at 37°C, monolayers were infected at a multiplicity of infection of 0.1, incubated for 1 hour at 37°C, and the inoculum was then replaced with MEM. At selected times after infection, supernatants were harvested, and virus titers in the harvested samples were determined by a plaque assay on Vero cells.
Plaque assay. The level of infectious virus in supernatants of Junin virus-infected cells or in tissue homogenates was assessed by plaque assay on Vero cells. Ten-fold specimen dilutions were added to cell monolayers in six-well culture plates for 1 hour at the 37°C in an atmosphere of 5% CO 2, and then overlaid with MEM containing 8% fetal bovine serum, 1% penicillin-streptomycin solution, and 0.5% agarose. Plates were incubated for five days, and a second agarose overlay was added (0.5% agarose/0.05% neutral red in MEM). Plates were then incubated overnight at 37°C and plaques were counted the next day.
Virus sequencing. To confirm virus identity, RNA was extracted from the supernatant obtained from Romero virus-or XJ virus-infected cells, reverse transcription-polymerase chain reaction (RT-PCR) was performed, and the amplicons were sequenced. The RNA was isolated from the cell culture supernatants with Trizol reagent (Invitrogen, Carlsbad, CA), followed by chloroform extraction and isopropanol precipitation, as recommended by the manufacturer. The RNA was resuspended in 15 L of sterile, nuclease-free water and frozen at −80°C. Five microliters of the RNA extract was used in each RT reaction (Superscript III; Invitrogen) using oligo(dT) primer to generate cDNA for the PCR. The PCR primers were designed on the basis of conserved sequence of glycoprotein precursor sequences of XJ and Romero strains of Junin virus (GenBank accession nos. U70800 and AY619641, respectively): 305d, 5Ј-TGTCCTTCTCAATGGTGGGTC-3Ј and 1196r 5Ј-CCTGTTGTGAGTAATGGTTCC-3Ј. The PCR products were submitted to the UTMB Core Facility for sequencing. Sequence confirmed virus stock was used for growth curves and for animal experiments as described below.
Animals. All animal studies were reviewed and approved by the Institutional Animal Care and Use Committee at the University of Texas Medical Branch and were carried out according to National Institutes of Health (Bethesda, MD) guidelines. Guinea pigs were anesthetized using an isoflurane precision variable bypass vaporizer prior to virus inoculation by the intraperitoneal route. Standardized recording of death and disease symptoms was performed using the following definitions: encephalitis; development of discoordination, ataxia or transient seizures with retention of the ability to drink and feed; paralysis; and hind limb (hemiplegic) or quadriplegic paralysis with the inability to reach the feeder or water bottle. Infection with the Junin virus Romero strain. Eight-to twenty-week-old female Strain 13 (USAMRIID) and oneyear-old female Hartley guinea pigs (Charles River) were infected with Junin Romero strain using doses in the range of 1.5 × 10 3 to 6 × 10 5 PFU/animal (Strain 13) or 7.5 × 10 3 PFU/animal (Hartley). Animals were monitored as described for Junin XJ virus studies.
Hematologic and clinical chemical analysis.
Blood was collected from guinea pigs into tubes containing EDTA and standard hematologic analysis was performed using the HEMAVET ® 1700; Drew Scientific, Inc. (Waterbury, CT) on whole blood specimens to determine platelet and differential counts, in accordance with the manufacturer's recommendation. Clinical chemical analysis was performed using the ACE Alera™ Clinical Chemistry System (Alfa Wassermann, West Caldwell, NJ) according to the manufacturer's instructions.
Telemetry. For measurement of body temperature, animals were anesthetized and implanted subcutaneously with BMDS IPTT-300 transponders (chips) obtained from Bio Medic Data Systems, Inc. (Seaford, DE), using a trocar needle assembly. Animals were monitored for signs of infection or migration of transponder for two days prior to transfer of animals into the BSL-4 facility. Chips were scanned daily using a DAS-6007 transponder reader (Bio Medic Data Systems, Inc.). Downloading of digital temperature data was performed in accordance with the manufacturer's protocol. * Eight-to twenty-week-old female Strain 13 guinea pigs were infected with the indicated strain and dose (in plaque-forming units [PFU]) of Junin virus by the intraperitoneal route, or as a control, age-and sex-matched Strain 13 guinea pigs were mock-infected (indicated by -) by the intraperitoneal route. Randomly pre-selected animals were humanely killed at 9-days post-infection, and the spleen and liver were harvested for histopathologic analysis, performed as described in the Materials and Methods.
† FN ‫ס‬ fibrinoid necrosis; AI ‫ס‬ acute inflammation; WPN ‫ס‬ white pulp necrosis; PI ‫ס‬ portal inflammation; LI ‫ס‬ lobular inflammation; N ‫ס‬ necrosis; S ‫ס‬ steatosis; 0 ‫ס‬ none; 1 ‫ס‬ mild, 2 ‫ס‬ moderate; 3 ‫ס‬ severe. Tabulated score is indicated on the bottom row.
Infectious virus titration in organs.
For quantitation of Junin virus in tissues, specimens were dissected at necropsy, and homogenized in MEM containing 1% penicillin-streptomycin solution. Suspensions were clarified by centrifugation, and the supernatants were harvested and frozen at −80°C until analysis was performed. The titer of infectious virus was determined using a plaque assay.
Histopathologic analysis. Brain, liver, and spleen sections were fixed in 10% buffered formalin for a minimum of 7 days and stored in 70% ethanol for 12 hours. The samples were then embedded in paraffin, sectioned (4 m), mounted on slides, and standard staining with hematoxylin and eosin was performed.
Histopathologic analysis of tissue sections was performed by a pathologist blinded to the sample identification and grouping. Semi-quantitative scoring was determined as indicated in Table 1 .
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Immunohistochemical analysis. Tissue sections were deparaffinized and rehydrated through xylene and graded ethanol solutions. To block endogenous peroxidase activity, slides were then treated with a solution of Tris-buffered saline containing 0.1% Tween-20, 3% hydrogen peroxide, and 0.03% sodium azide for 15 minutes, followed by heat antigen retrieval in a water bath at 95°C for 40 min in DAKO Target Retrieval Solution, pH 6.1 (DAKO Corporation, Carpinteria, The number of plaques per milliliter of supernatant is indicated for each virus strain. The limit of detection was 40 plaque-forming units (PFU)/mL. B, Survival of guinea pigs infected with Junin Romero strain. Eight-to twenty-week-old female inbred (Strain 13) or one-year old female outbred (Hartley strain) guinea pigs were infected by the intraperitoneal route with the indicated dose of Junin Romero strain virus. Animals were monitored up to 19-days post-infection for disease development or death. Animals were humanely killed upon development of severe disease, e.g., paralysis or encephalitis. Histopathologic examination of spleens and livers from three inbred animals that developed severe disease is shown in Table 3 . Survival of inbred (panel i) and outbred (panel ii) guinea pigs is shown. C, Level of infectious virus in brain and peripheral organs after infection with Junin Romero strain. Eight-to twenty-week-old inbred (Strain 13) guinea pigs were infected by the intraperitoneal route with Junin Romero strain in the range of 1.5 × 10 3 to 6 × 10 5 PFU/animal or were inoculated with minimal essential medium alone (mock). Necropsy was performed on animals that were pre-scheduled for humane killing at 9 days post-infection (n ‫ס‬ 3) or that developed severe disease, e.g., paralysis or encephalitis, between 9 and 13 days post-infection (n ‫ס‬ 4). Organs were collected for analysis of virus levels by plaque assay. The total number of animals tested is indicated for each organ. The limit of detection of 50 PFU/g tissue is indicated by the dashed line. CA). To block endogenous biotin reactivity, sequential 15-minute incubation with avidin D and biotin solutions (Vector Laboratories, Inc; Burlingame, CA) was performed. Subsequently, to prevent nonspecific protein binding, sections were incubated in blocking solution (Histomouse™-SP Kit, catalog no. 95-9541; Zymed, South San Francisco, CA), according to manufacturer's instructions. For viral antigen staining, mouse-specific hyperimmune ascitic fluid (HIS) raised against Junin XJ virus, which cross-reacts with the Junin Romero virus, was used (provided by Dr. Robert Tesh), as follows. Tissue sections were incubated for 60 minutes with HIS at a 1:500 dilution in antibody diluent solution (BD Pharmingen, San Jose, CA). Tissue sections from uninfected guinea pigs were used as a negative control for immunostaining. As an additional negative control, tissue sections from Junin virus-infected guinea pigs were incubated with diluent alone. To detect HIS bound to Junin antigen in guinea pig tissue, the Histomouse™-SP Kit (catalog no. 95-9541; Zymed) and biotinylated secondary antibody was used, followed by streptavidinperoxidase. Color development was achieved using the chromogenic substrate, according to the manufacturer's instructions. Slides were counter-stained with Mayer's modified hematoxylin for microscopy.
RESULTS
Replication of Junin virus Romero and XJ strains in vitro.
To determine the kinetics of Junin virus XJ and Romero replication, we infected Vero cells at a multiplicity of infection of 0.1 PFU/cell and collected virus supernatants over a period of 6 days at 24-hour time points for virus titration ( Figure 1A ). The peak in virus replication for both strains occurred at 72-hours post-infection for both Junin virus strains. However, the level for the Romero strain was higher then the XJ strain after 72-hours post-infection.
Attenuation of Junin virus XJ strain in both guinea pig strains. Neither Hartley (n ‫ס‬ 9, two independent replicates) nor Strain 13 (n ‫ס‬ 17, two independent replicates) guinea pigs developed severe disease after infection with the XJ strain of Junin virus at doses in the range of 1 × 10 3 to 5 × 10 5 PFU/animal. With the exception of development of fever at a low frequency on 17 days post-infection (dpi) (2 of 3 and 1 of 4 guinea pigs infected with a dose of 2.5 × 10 4 and 5 × 10 5 PFU, respectively), there were no signs of disease development in Junin XJ-infected Strain 13 guinea pigs. There was little or no weight loss over the study period. None of the Junin XJ-infected animals developed severe clinical disease symptoms or fever at any time prior to or on the day of scheduled humane killing (day 9). Histopathologic examination of spleen sections from Strain 13 guinea pigs nine days after infection with Junis virus XJ at a dose of 1.5 × 10 3 PFU (Table 1) indicated that three of three infected animals had a mild level of acute inflammation in contrast to 1 of 2 with mild inflammation for the mock-infected controls; one of three had a mild level of white pulp necrosis, whereas no white pulp necrosis was observed in the two control animals. Liver examination indicated that one of three infected animals had a moderate level of portal inflammation in contrast to mild portal inflammation in one of two mock-infected controls. Three of three infected animals showed mild-to-moderate level of lobular inflammation (LI); similarly, two of two mock-infected controls showed mild-to-moderate lobular inflammation.
Pathogenicity of Junin virus Romero strain in inbred and outbred guinea pigs. In contrast to the limited pathogenicity of the XJ strain in either guinea pig strain (described above), infection with the Romero strain produced severe disease symptoms, e.g., clinical encephalitis or paralysis, in Strain 13 guinea pigs, and was uniformly lethal by 19 dpi ( Figure 1B,  panel i) . To further examine guinea pig strain differences, we infected one-year-old female, Hartley guinea pigs (n ‫ס‬ 4) with a dose of 7.5 × 10 3 PFU/animal of Romero strain. In Hartley guinea pigs, the survival pattern was similar to that for Strain 13; infection with the Romero strain was 100% lethal by 17 dpi ( Figure 1B, panel ii) . A steady decrease in body weight occurred after 7 dpi. All animals that maintained their monitoring chip became febrile at 10 dpi (three of three animals with a body temperature Ն 39.5°C) and at 14 dpi, body temperature rapidly decreased, with a 15-24% decrease between 12 and 14 dpi. Clinical signs initially were observed at 12-13 dpi. Fifty percent (two of four) of the guinea pigs developed clinical encephalitis and 25% (one of four) developed paralysis and subsequently died at 17 dpi. Infectious virus levels were highest in the spleen, liver, and adrenal glands with log 10 PFU/mL in the range of 4.5-7.7, 5.3-7.7, and 7.4-7.7, respectively ( Figure 1C ); levels were also relatively high in the brain and kidney, with values in the range of 2.4-4.7 and 4.4-5.4 log 10 PFU/g, respectively.
In a second Romero strain infection study, Strain 13 guinea pigs (n ‫ס‬ 7) were infected with a dose of 5 × 10 3 PFU/animal and monitored for disease development and survival up to nine days. At 9 dpi, all animals were humanely killed and the level of infectious virus in the organs was determined ( Figure  1C ). Histopathologic analysis was performed on three of these animals ( Table 1) . None of these animals showed signs of severe clinical disease at any time during the monitoring period; however, fever occurred between day 5 and 6 (3 of 3, 100% febrile on day 6). As in the first study (survival shown in Figure 1B , panel i), virus was detectable in the spleen, liver, and brain on 9 dpi in Romero strain-infected animals, indicating that virus spread to and replicated in all organs tested. In addition, blood was collected at 9 dpi from three of the † Blood was drawn at the indicated time points pre-infection or post-infection for hematologic and clinical analysis. Representative parameters, e.g., platelet count (PLT) and aspartate aminotransferase (AST) levels, respectively, are shown. The normal ranges for guinea pigs are PLT ‫ס‬ 380-800 K/L (Mascot™ Hematology Profile, HEMAVET ® 1700; Drew Scientific, Inc., Waterbury, CT) and AST ‫ס‬ 26.5-67.5 IU/L (ACE Alera™ Clinical Chemistry System, Alfa Wassermann, West Caldwell, NJ). NT ‫ס‬ not tested.
‡ Seroconversion was assessed by 50% plaque reduction neutralization test (PRNT). Samples that were below the limit of detection are indicated as < 1:25.
infected animals and from the two uninfected animals for analysis of the hematologic profile, clinical biochemical patterns, and serum antibody titer (Table 2) . At 9 dpi, all animals tested (three of three) were positive by plaque reduction neutralization test (PRNT) on day 9, with 50% PRNT titers in the range of 25-50 (Table 2) .
Among the hematologic parameters evaluated (leukocyte, neutrophil, lymphocyte, monocyte, and eosinophil counts and thrombocyte and erythrocyte panels) for Romero virusinfected and uninfected control guinea pigs, platelet (PLT) count differences were the most notable among parameters tested ( Table 2) ; The PLT was reduced at 9 dpi in three of three guinea pigs tested in comparison to the corresponding pre-infection (day 0) baseline values obtained for each the indicated animal, and the two uninfected guinea pigs tested in parallel, for which no reduction occurred.
The following clinical biochemistry parameters were analyzed for samples obtained at 9 dpi: amylase, alanine aminotransferase, aspartate aminotransferase, calcium, cholesterol, albumin, creatinine, glucose, and phosphorous. However, paired pre-infection baseline (day 0) samples were not analyzed. Most of the parameters tested did not show notable FIGURE 2. Comparative histopathology and tissue viral antigen distribution of Junin Romero virus-infected inbred guinea pigs. A and B, Histopathologic analysis of spleen and liver. Eight-to twenty-week-old Strain 13 guinea pigs were infected with 5 × 10 3 plaque-forming units per animal of Junin Romero virus by the intraperitoneal route. Animals were humanely killed at the time of development of severe neurologic symptoms. The spleen and liver were harvested at the indicated day post-infection for histopathologic analysis (see scoring in Table 1 ), performed as described in the Materials and Methods. Representative spleen (A) and liver (B) sections from mock-infected (panel i) and Junin Romeroinfected (panel ii) guinea pigs at 12-days post-infection are shown. Upper panels shown low power (10×) magnification and bottom panels show high power (40×) magnification. Arrows indicate apoptotic cells and tingible body macrophages. C, Viral antigen in spleen. Eight-to twentyweek-old female Strain 13 guinea pigs were infected with a dose of 5.0 × 10 3 Junin Romero virus by the intraperitoneal route. Animals were humanely killed at 9-days post-infection, and the spleen and liver were harvested for histopathologic analysis (see scoring in Table 1 ), performed as described in the Materials and Methods. Uninfected sex-and age-matched Strain 13 guinea pigs were used as controls. Viral antigen localization was determined by incubation of spleen sections with Junin hyperimmune serum. Anti-Junin binding in tissue was detected using a secondary biotinylated antibody and color development performed using streptavidin-peroxidase, followed by addition of a chromogenic substrate. Slides were counterstained with Mayer's modified hematoxylin prior to mounting and microscopy. Representative spleen sections from uninfected-(panel i) and Junin Romero-infected (panel ii) guinea pigs at 12-days post-infection are shown. Upper panels shown low power (10×) magnification and bottom panels show high power (40×) magnification. Viral antigen (brown-red) was detected in association with macrophage-like cells in both red pulp and white pulp. differences between infected animals and uninfected control animals, and values were sufficiently variable among all animals (irrespective of whether infected or uninfected) to preclude any statement on trends related to infection. However, among these parameters, AST levels for infected animals (n ‫ס‬ 3) were higher than those in the two uninfected controls tested (Table 2) .
Histopathologic changes in liver and spleen of Romero virus-infected inbred and outbred guinea pigs. Histologic examinations were performed on Strain 13 guinea pigs infected with Romero virus (n ‫ס‬ 6), XJ virus (n ‫ס‬ 3) or, as controls, mock-infected (n ‫ס‬ 2) or uninfected (n ‫ס‬ 1) Strain 13 guinea pigs. Representative hematoxylin and eosin-stained sections of liver and spleen from Romero and XJ virus-infected animals are shown in Figure 2A and B). Sections were examined by a pathologist blinded to the grouping of the animals. A numerical score for liver and spleen pathology was assigned on the basis of modification of a scoring system previously reported. 40 Scores for tissues of Junin virus-infected guinea pigs collected 9 dpi are summarized in Table 1 . No clinical disease (with the exception of fever) was observed in these three animals.
Scores for animals in a second study are shown in Table 3 . Severe disease (paralysis, encephalitis, and/or seizure) occurred on the day of humane killing for the three animals evaluated. Noteworthy pathologic changes were seen in spleen (Figure 2A , panel ii) and liver ( Figure 2B , panel ii) of Romero-infected guinea pigs at 12 dpi in comparison to the mock-infected controls (Figure 2A and B, panel i) and lesions were consistent among infected animals. Spleen showed a "moth-eaten" appearance of the white pulp with numerous tingible body macrophages and large, reactive pale cells suggestive of macrophages (Figure 2A, panel ii) . This change involved up to 50% of the white pulp in all animals examined. The red pulp contained clusters of neutrophils, particularly in the region of the marginal zones. Among the severely affected animals humanely killed at later time points of 12-13 dpi, the red pulp showed generalized cellular depletion, with smudgy or fibrinoid necrosis and scattered nuclear debris. Liver pathology in animals examined at day 9 of infection with Romero strain was characterized by diffuse microvesicular steatosis, mild portal inflammation, and mild lobular inflammation. Kupffer cell hyperplasia, acidophil bodies, or nuclear inclusions were not appreciable. In animals examined at later time points (day 12-13), steatosis was more pronounced, predominantly macrovesicular, without zonal predeliction ( Figure 2B , panel ii). Scattered foci of nuclear debris were present in portal triads and in lobular foci, suggesting leukocyte degeneration. Patchy coagulative necrosis was seen in the Romero virus-infected animal examined at 9 dpi. In contrast, guinea pigs infected with the XJ strain (n ‫ס‬ 3) at a similar dose (1.5 × 10 3 PFU/animal) showed minimal splenic and hepatic pathology. In random sections of cerebrum, cerebellum, and hippocampus, no significant inflammation or necrosis was identified in brains of any (none of three, each virus strain) of the Junin Romero-or XJ-infected guinea pigs using routine histologic stains. Immunohistochemical staining with Junin-specific antiserum indicated that viral antigen is distributed in association with large cells with abundant cytoplasm, consistent with macrophages, in both red pulp and white pulp ( Figure 2C ).
DISCUSSION
To better characterize the animal model for future studies aimed at testing efficacy of antiviral drug or vaccine candidates, we have performed additional pathogenesis studies with Junin viruses in two guinea pig strains. One of the requirements for the successful application of animal models in preclinical trials is the availability of well-characterized animal models that reproduces human disease as closely as possible. Although some non-human primates such as Rhesus monkeys are excellent animal models, 25, 35, 36 small animals, especially rodents, are advantageous for the work in the BSL-4 laboratory and more easily accessible for experimental work.
It was previously shown that guinea pigs infected with virulent Junin virus develop (dose-dependent) severe and often fatal disease, which is similar to 10-30% of human clinical 13 dpi GP20 NA NA NA 0 1 0 2 * Eight-to twenty-week-old female Strain 13 guinea pigs were infected with the indicated dose (in plaque-forming units [PFU]) of Junin Romero strain virus by the intraperitoneal route. Animals were humanely killed at the time of development of severe neurologic symptoms. The spleen and liver were harvested at the indicated day post-infection (dpi) for histopathologic analysis, performed as described in the Materials and Methods. The survival curves for animals that were followed-up throughout the study period of 19 days are shown in Figure 1B , panel i.
† FN ‫ס‬ fibrinoid necrosis; AI ‫ס‬ acute inflammation; WPN ‫ס‬ white pulp necrosis; PI ‫ס‬ portal inflammation; LI ‫ס‬ lobular inflammation; N ‫ס‬ necrosis; S ‫ס‬ steatosis; 0 ‫ס‬ none; 1 ‫ס‬ mild, 2 ‫ס‬ moderate; NA ‫ס‬ not available.
cases. 2 In general, two forms of the disease can be described: the visceral form and the neurologic form. Some viral strains are more viscerotropic and others may potentially have increased neurotropism. 22 However, both disease forms can be observed in Junin Romero virus-infected guinea pigs. In our study, Romero virus-infected guinea pigs developed a systemic disease associated with clinical symptoms that are also associated with human AHF and are summarized in Table 4 . Similar to results reported for human patients, infected guinea pigs developed thrombocytopenia, although our sample size was small (n ‫ס‬ 2-3 per group). In this animal model, AST levels may provide a useful measure of drug or vaccine efficacy, although increased sample size is needed, along with the paired pre-infection baseline values. Interestingly, elevated AST levels in Junin virus Romero-infected guinea pigs would be consistent with the findings in humans. Further examination of clinical biochemical and hematologic parameters is warranted because abnormal values may be indicative of liver and/or spleen pathology. However, current accurate interpretation of clinical biochemical and hematologic results is limited by the lack of compelling information in the literature on guinea pig normal ranges for age-, weightand/or strain-matched animals. Studies are ongoing to address these important limitations and to validate the utility of this and other parameters for establishment of the correlation between this animal model and human disease, which would facilitate monitoring of antiviral drug/vaccine efficacy.
Disease development and survival of both guinea pig strains (Hartley and Strain 13) after infection with Junin virus Romero were similar. This is an important advantage for the future antiviral drug testing because it provides the opportunity to use outbred guinea pigs raised under specific pathogen-free conditions that can be obtained from commercial vendors. We also found that guinea pig histopathology is comparable to those of lethal human cases, with involvement of visceral organs, such as the spleen and liver. In this study, we have also shown that the viral antigen can be detected in the spleen by using immunohistochemical techniques, which may be useful diagnostic procedure in cases where only formalin-fixed and paraffin-embedded tissue is available. In contrast to the Romero strain, the XJ isolate we used was highly attenuated in guinea pigs and caused only mild disease with all animals surviving the infection, although little difference in numerical scoring was seen between XJ-and Romero-infected guinea pigs at the tissue level to explain the dissimilar clinical disease/survival outcomes (albeit from a small sample size). This virus was obtained after 37 additional suckling mouse brain passages and has obviously lost its virulence for both guinea pig strains. However, this virus was capable of inducing immune response in guinea pigs and minor pathologic manifestations in visceral organs and can potentially be used to produce immune serum in guinea pigs, as well as to study attenuation of Junin viruses.
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